After DNA damage, the cell cycle is arrested to avoid propagation of mutations. In G2 phase, the 19
unclear. Here we use FRET-based reporters to show that a global spread of ATM activity on 23 chromatin and phosphorylation of targets including Kap1 control Plk1 re-activation. These 24 phosphorylations are rapidly counteracted by the chromatin-bound phosphatase Wip1, allowing a 25 cell cycle restart despite persistent ATM activity present at DNA lesions. Combining 26 experimental data and mathematical modelling we propose that the minimal duration of a cell 27 cycle arrest is controlled by a timer. Our model shows how cell cycle re-start can occur before 28 completion of DNA repair and suggests a mechanism for checkpoint adaptation in human cells. DNA double-strand breaks (DSBs) represent a serious threat to the genome integrity of a cell. 33 Failure to recognize and repair these lesions can lead to mutations, genome instability and cancer 34 (Jackson and Bartek, 2009 ). To cope with DSBs cells launch a DNA damage response (DDR), 35 involving a network of DNA damage sensors, signal transducers and various effector pathways. 36 Besides orchestrating DNA repair, a central component of DDR is activation of a checkpoint that 37 blocks cell cycle progression (Bartek and Lukas, 2007; Medema and Macurek, 2011) . This is 38 particularly important in the G2 phase of the cell cycle, as cell division in the presence of DSBs 39 may lead to aneuploidy and propagation of mutations to progeny. Surprisingly however, a 40 growing body of evidence suggests that a cell cycle block is commonly reversed before all DNA 41 lesions are repaired in both transformed and untransformed cells (Deckbar et al., 2007; Loewer et 42 al., 2013; Syljuasen et al., 2006; Tkacz-Stachowska et al., 2011) . 43 
44
A key unresolved issue therefore is how the duration of a cell-cycle arrest is controlled. Upon 45 recruitment to DSBs, the Ataxia telangiectasia mutated (ATM) kinase initiates a signaling 46 cascade by phosphorylating S/TQ motifs in more than 700 proteins, many of which are central 47 proteins in various branches of the DDR (Matsuoka et al., 2007; Mu et al., 2007; Shiloh and Ziv, 48 2013). However, although crucial for initiating many of the responses, the role for ATM in 49 maintaining a cell cycle arrest remains unclear, as acute inhibition of ATM after a checkpoint is 50 initiated has limited effect on the efficiency of cell cycle resumption (Kousholt et al., 2012) . 51 Rather, ATM and Rad3 related kinase (ATR), activated by repair intermediates of DSBs, is a 52 main controller of checkpoint duration (Sanchez et al., 1997; Shiotani and Zou, 2009) . 53 54 To enforce a cell cycle arrest, ATM and ATR-dependent signaling inhibits the activities of 55 mitosis promoting kinases as Cyclin dependent kinase 1 (Cdk1), Polo-like kinase 1 (Plk1), and Results 93 We constructed a FRET-based sensor that can respond to ATM and ATR activity and targeted it 94 to chromatin by fusion with Histone H2B (referred to as H2B-ATKAR, Figure 1 -figure 95 supplement 1A-C). After treatment with the radiomimetic drug Neocarzinostatin (NCS) H2B- 96 ATKAR specifically detects ATM activity (Figure 1-figure supplement 1C-E) . The H2B-97 ATKAR signal was induced by NCS addition in a dose-dependent manner and decreased over 98 time ( Figure 1A and Figure 1-figure supplement 1F ). To follow both ATM and Plk1 activities 99 throughout a DDR, we next compared the dynamics of H2B-ATKAR and a Plk1 reporter 100 (Macurek et al., 2008) from addition of NCS to spontaneous checkpoint recovery in single U2OS 101 and p53-depleted RPE cells. Interestingly, the decrease of H2B-ATKAR signal coincided with 102 reactivation of Plk1 that controls recovery from a DNA damage-dependent checkpoint, 103 indicating that ATM may control the duration of a DDR ( Figure 1B, C) . 104 To test if and when ATM controls Plk1 activation, we added a small molecule inhibitor to ATM 105 at different time-points of a DDR. In accordance with a role for ATM to control Plk1 activity, 106 inhibition of ATM in the early phases of a DDR sustained Plk1 activity (Figure 2A, B) . In 107 contrast, after Plk1 activity had restarted, its slow appearance (Liang et al., 2014) was 108 counteracted by ATR ( Figure 2C and Figure 2-figure supplement 1A ). This suggests that both 109 ATM and ATR control Plk1 activity, but that they function at different periods during a DDR. 110 Indeed, ATM and ATR inhibition showed a synergistic effect on checkpoint duration only in the Figure 2F ). 114 ATM is activated at sites of double strand breaks, and we next sought to assess whether H2B- 115 ATKAR dephosphorylation and cell cycle re-start corresponds to ATM inactivation at DNA 116 damage foci. We therefore established a setup where we followed the appearance of Plk1 activity 117 in live cells and subsequently fixed and quantified immunofluorescence from the same cells ATKAR is dephosphorylated despite the presence of DNA breaks ( Figure 3D ). Sustained ATM 123 activity after cell cycle re-start was also detected by ATKAR that is present in nucleoplasm, but 124 is not targeted to chromatin. ATKAR shows faster and more sustained nuclear phosphorylation 125 compared to H2B-ATKAR, suggesting a difference in phosphorylation dynamics of diffusible ATKAR responds to a subset of ATM activity that is silenced before Plk1 re-activation. 130 As H2B-ATKAR is restricted to chromatin due to targeting by Histone H2B, this activity 131 presumably occurs on chromatin. However, this activity is unlikely to be present on DNA 132 damage foci, as we did not detect enrichment of H2B-ATKAR activity on DNA damage foci 133 (not shown) and both H2AX and pS1981 ATM staining persisted on foci after H2B-ATKAR 134 signal disappeared ( Figure 3B , C). Rather, we found that upon localized damage, H2B-ATKAR 135 detected a global spread of ATM activity across chromatin ( Figure 4A 
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Taken together, this shows that ATM activity on DNA damage foci is not sufficient to block 140 Plk1 re-activation, but rather suggests that spread of ATM activity across chromatin controls cell 141 cycle restart. 142 We next sought to identify why ATM-dependent phosphorylation of H2B-ATKAR on chromatin 143 is more rapidly reverted compared to phosphorylation of diffusible ATKAR. We find that the 144 spread of ATM activity across chromatin is controlled by the chromatin-bound phosphatase 145 PPM1D (referred to as Wip1), which is known to counteract ATM-mediated phosphorylations 146 (Macurek et al., 2010; Shreeram et al., 2006; Yamaguchi et al., 2007) . Wip1 efficiently 147 counteracted the H2B-ATKAR signal after NCS treatment, but less efficiently counteracted the 148 diffusible ATKAR ( Figure 5A, B ). In addition, overexpression or depletion of Wip1 blocked or 149 potentiated, respectively, the spreading of ATM activity at chromatin after localized DNA 150 damage caused by laser microirradiation (Figure 5C , D). Whereas control cells were efficiently 151 stimulated to enter mitosis once the H2B-ATKAR signal was reverted in the presence of an ATR 152 7 inhibitor, Wip1-deficient cells did not revert the H2B-ATKAR signal nor enter mitosis (Figure   153   5E ). This suggests that in addition to the established role of Wip1 to counter a p53-mediated cell 154 cycle exit (Lindqvist et al., 2009a) , Wip1 controls when ATM-mediated signaling throughout 155 chromatin is reversed to allow initiation of a cell cycle re-start ( Figure 5F) . 156 To study possible implications of our findings, we assembled a mathematical model where 157 ATM, Wip1, ATR, and Plk1-dependent pathways are treated as functional entities ( Figure 6A ). 158 Simulating this model, we found that the balance of ATR and cell cycle activities determined the 159 duration of a cell-cycle arrest, where rising self-amplifying cell cycle activities eventually forced 160 inactivation of ATR. Importantly however, a spread of ATM activity on chromatin resets the 161 initial cell cycle activities, thereby ensuring a delay before ATR-dependent activities could be 162 inactivated ( Figure 6B ). The duration of this delay is likely not determined solely by ATR, as 163 p53 and p38-dependent activities may influence the self-amplifying build-up of cell cycle 164 regulators (Bunz et al., 1998; Reinhardt et al., 2010) . Due to the spatial separation of ATM 165 activation on DNA breaks and ATM function throughout chromatin, where Wip1 phosphatase 166 efficiently dephosphorylates ATM targets, ATM activity throughout chromatin was rapidly 167 reversed ( Figure 6B ). The speed of reversal depended on repair rate, and if damage was 168 sustained at high levels a steady-state appeared with intermediate ATM-mediated 169 phosphorylation, low cell-cycle activity and sustained ATR activation ( Figure 6C ). Testing the 170 prediction on the influence of repair rate on ATM activity dynamics from the model, we note 171 sustained H2B-ATKAR phosphorylation when interfering with DNA repair by PARP inhibition 172 or RNF8 siRNA ( Figure 6D ). Importantly, below a threshold level of remaining damage, Plk1 173 activity could start to increase and eventually silence the checkpoint ( Figure 4C ). This is in line 174 with our finding that repair factors are present at DNA damage foci after Plk1 activation ( Figure   175 3A, B). We propose that spread of ATM activity on chromatin functions as a barrier that sets a 176 timer. In this sense, the barrier not only defines a period when checkpoint recovery cannot occur, 177 but by re-setting cell cycle activities it also ensures a delay before these activities can rise to We next sought to assess through which endogenous substrates ATM enforces a barrier to cell 183 cycle restart. We found that similar to H2B-ATKAR, DNA damage-induced phosphorylation of 184 Kap1-S824 and SMC3-S1083 spread throughout chromatin in an ATM-dependent manner and 185 rapidly declined due to dephosphorylation by Wip1 ( Figure 7A Our results suggest that the duration of a cell cycle arrest is determined by three principal 205 components. First, an ATM-dependent signal that efficiently blocks cell cycle progression. This 206 signal is not affected by cell cycle regulators, but is rapidly reversed by the phosphatase Wip1. 207 Second, an ATR dependent signal that counters cell cycle progression throughout the cell-cycle 208 arrest, and third, the self-amplifying mitotic entry network that counters the ATR-mediated 209 pathway in G2 phase.
210
Plk1 activity rises through G2 phase due to the self-amplifying properties of the mitotic entry 211 network (Akopyan et al., 2014; Lindqvist et al., 2009b) . Maintaining a self-amplifying activity at 212 a constant level is not a trivial task for a cell. Indeed, we recently found that during a DDR, 213 Cyclin B1 levels over time accumulate to levels far higher than is observed during an effect on repair may be sustained while ATMs effect on the cell cycle is reversed. We suggest 232 10 that separating activating and inactivating locations may be a powerful manner for a cell to 233 simultaneously construct a timer and a sustained signal. 234 In unicellular organisms, a checkpoint can eventually be overcome, despite that not all DNA 235 lesions are repaired. In budding yeast, this process called adaptation depends heavily on the Plk1 236 homolog cdc5, which counteracts activating phosphorylation of the checkpoint kinase Rad53 237 (Donnianni et al., 2010; Toczyski et al., 1997) . In contrast, multicellular organisms have evolved 238 mechanisms that promote apoptosis or terminal cell cycle arrest, largely dependent on p53 239 (Bartek and Lukas, 2007; Belyi et al., 2010) . We find that albeit the kinetics may differ, ATM-240 Wip1-Kap1 proteins function similarly in U2OS and RPE cells. However, untransformed G2 241 cells are more likely to terminally exit the cell cycle, rather than to recover from DNA damage. were performed in TBS supplemented with 0.1% Tween-20 (TBST) and 2% BSA (Sigma). 329 Wash steps were performed in TBS supplemented with 0.1% Tween-20. Images were acquired 330 using either DeltaVision Spectris imaging system using a 20X, NA 0.7 objective, a Leica 331 DMI6000 Imaging System using a 20X, NA 0.4 objective, or on an ImageXpress system using a 332 20X, NA 0.45 objective and quantified as described (Akopyan et al., 2014) . Reagents and antibodies 380 The following antibodies were from Cell Signaling: pHistone H3 (#3377); pChk1-S345 (133D3; 381 #2348); pATM-S1981 (10H11.E12; #4526); pH2AX (20E3; #9718), pp53-s15 (#9284; #9286), 382 Phospho-(Ser/Thr) ATM/ATR Substrate (#2851), pT210-Plk1 (#9062), pT288-AurA (#3079), 383 AurA (#3092), pS296-Chk1 (#2349), pS317-Chk1 (#12302). Antibodies against pSMC3-S1083 Macurek, L., Lindqvist, A., Voets, O., Kool, J., Vos, H.R., and Medema, R.H. (2010) . Wip1 phosphatase is 518 associated with chromatin and dephosphorylates gammaH2AX to promote checkpoint inhibition. Oncogene 29, 519 2281 Oncogene 29, 519 -2291 Mailand, N., Bekker-Jensen, S., Bartek, J., and Lukas, J. (2006) . Destruction of Claspin by SCFbetaTrCP restrains 521 Chk1 activation and facilitates recovery from genotoxic stress. Mol Cell 23, [307] [308] [309] [310] [311] [312] [313] [314] [315] [316] [317] [318] Mailand, N., Falck, J., Lukas, C., Syljuasen, R.G., Welcker, M., Bartek, J., and Lukas, J. (2000) . Rapid destruction 523 of human Cdc25A in response to DNA damage. Science 288, 1425 Science 288, -1429 Mamely, I., van Vugt, M.A., Smits, V.A., Semple, J.I., Lemmens, B., Perrakis, A., Medema, R.H., and Freire, R. 525 (2006) . Polo-like kinase-1 controls proteasome-dependent degradation of Claspin during checkpoint recovery. 526 Current biology : CB 16, 1950 CB 16, -1955 Matsuoka, S., Ballif, B.A., Smogorzewska, A., McDonald, E.R., 3rd, Hurov, K.E., Luo, J., Bakalarski, C.E., Zhao, 528 Z., Solimini, N., Lerenthal, Y., et al. (2007) . ATM and ATR substrate analysis reveals extensive protein networks 529 responsive to DNA damage. Science 316, 1160 -1166 . 530 Medema, R.H., and Macurek, L. (2011 . Checkpoint control and cancer. Oncogene. 531
Mu, J.J., Wang, Y., Luo, H., Leng, M., Zhang, J., Yang, T., Besusso, D., Jung, S.Y., and Qin, J. (2007) . A proteomic 532 analysis of ataxia telangiectasia-mutated (ATM)/ATM-Rad3-related (ATR) substrates identifies the ubiquitin-533 proteasome system as a regulator for DNA damage checkpoints. The Journal of biological chemistry 282, 17330-534
535
Mullers, E., Silva Cascales, H., Jaiswal, H., Saurin, A.T., and A., L. (2014) . Nuclear translocation of Cyclin B1 536 marks the restriction point for terminal cell cycle exit in G2 phase. Cell cycle 13, 2733-2743. 537 Munoz, D.P., Kawahara, M., and Yannone, S.M. (2013) . An autonomous chromatin/DNA-PK mechanism for 538 localized DNA damage signaling in mammalian cells. Nucleic acids research 41, 2894-2906. 539 Peng, C.Y., Graves, P.R., Thoma, R.S., Wu, Z., Shaw, A.S., and Piwnica-Worms, H. (1997) . Mitotic and G2 540 checkpoint control: regulation of 14-3-3 protein binding by phosphorylation of Cdc25C on serine-216. Science 277, 541 1501 -1505 . 542 Peschiaroli, A., Dorrello, N.V., Guardavaccaro, D., Venere, M., Halazonetis, T., Sherman, N.E., and Pagano, M. 543 (2006 . SCFbetaTrCP-mediated degradation of Claspin regulates recovery from the DNA replication checkpoint 544 response. Mol Cell 23, 319-329. 545 Qin, B., Gao, B., Yu, J., Yuan, J., and Lou, Z. (2013) . Ataxia telangiectasia-mutated-and Rad3-related protein 546 regulates the DNA damage-induced G2/M checkpoint through the Aurora A cofactor Bora protein. The Journal of 547 biological chemistry 288, 16139-16144. 548 Rauta, J., Alarmo, E.L., Kauraniemi, P., Karhu, R., Kuukasjarvi, T., and Kallioniemi, A. (2006) . 11, 175-189. 557 Reinhardt, H.C., Hasskamp, P., Schmedding, I., Morandell, S., van Vugt, M.A., Wang, X., Linding, R., Ong, S.E., 558 Weaver, D., Carr, S.A., et al. (2010) . DNA damage activates a spatially distinct late cytoplasmic cell-cycle 559 checkpoint network controlled by MK2-mediated RNA stabilization. Mol Cell 40, 34-49. 560 Reinhardt, H.C., and Yaffe, M.B. (2009) . Kinases that control the cell cycle in response to DNA damage: Chk1, 561
Chk2, and MK2. Current opinion in cell biology 21, 245-255. 562 Sanchez, Y., Wong, C., Thoma, R.S., Richman, R., Wu, Z., Piwnica-Worms, H., and Elledge, S.J. (1997) . 563
Conservation of the Chk1 checkpoint pathway in mammals: linkage of DNA damage to Cdk regulation through 564
Cdc25. Science 277, 1497 -1501 . 565 Shiloh, Y., and Ziv, Y. (2013 . The ATM protein kinase: regulating the cellular response to genotoxic stress, and 566 more. Nature reviews Molecular cell biology 14, 197-210. 567 Shiotani, B., and Zou, L. (2009) . Single-stranded DNA orchestrates an ATM-to-ATR switch at DNA breaks. Mol 568 Cell 33, [547] [548] [549] [550] [551] [552] [553] [554] [555] [556] [557] [558] Shreeram, S., Demidov, O.N., Hee, W.K., Yamaguchi, H., Onishi, N., Kek, C., Timofeev, O.N., Dudgeon, C., 570 Fornace, A.J., Anderson, C.W., et al. (2006) . Wip1 phosphatase modulates ATM-dependent signaling pathways. 571
Mol Cell 23, 757-764. 572 Smits, V.A., Klompmaker, R., Arnaud, L., Rijksen, G., Nigg, E.A., and Medema, R.H. (2000) . Polo-like kinase-1 is 573 a target of the DNA damage checkpoint. Nature cell biology 2, 672-676. 574 Syljuasen, R.G., Jensen, S., Bartek, J., and Lukas, J. (2006) . Adaptation to the ionizing radiation-induced G2 575 checkpoint occurs in human cells and depends on checkpoint kinase 1 and Polo-like kinase 1 kinases. Cancer 576 research 66, 10253-10257. 577 Tkacz-Stachowska, K., Lund-Andersen, C., Velissarou, A., Myklebust, J.H., Stokke, T., and Syljuasen, R.G. (2011) . 578
The amount of DNA damage needed to activate the radiation-induced G2 checkpoint varies between single cells. 579 Radiotherapy and oncology : journal of the European Society for Therapeutic Radiology and Oncology 101, [24] [25] [26] [27] Toczyski, D.P., Galgoczy, D.J., and Hartwell, L.H. (1997) 
